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Abstract
Several manners of extracting energy have become popular in the last years. In
particular, energy from magnetic field captured by inductive principles is one of
the most important methods regarding energy harvesting. Obtaining energy from
high-power low-frequency signals is currently possible, but the aim of this report
goes further.
Partial discharge phenomena are revealed outside the insulation as high-frequency
pulsing signals produced under high-voltage situations that contributes to the de-
terioration of the electrical machinery, causing even their failure. It is very impor-
tant to localize this phenomenon in order to avoid possible futures breakdowns.
This project demonstrates how to extract energy from high frequency inductive
phenomena. Particularly, the feasibility to harvest energy from partial discharge
occurrence is satisfactorily studied. Several energy levels are accumulated in a
capacitor depending on the topology implemented.
Energy from partial discharges pulses has not been accumulated to date. This re-
port discuss a relation between the voltage across a capacitor and partial discharge
events leading to a possible detection system.
v

Resumen
Varias formas de obtener energ´ıa han tomado fuerza en los u´ltimos an˜os. En parti-
cular, la energ´ıa obtenida a partir del campo magne´tico por principios inductivos
es uno de los me´todos mas extendidos de energy harvesting. Obtener energ´ıa de
sen˜ales de alta potencia y baja frecuencia es posible, pero el objetivo de este pro-
yecto va mas alla´.
Las descargas parciales se manifiestan como sen˜ales pulsantes de alta frecuencia
producidas en situaciones de alta tensio´n aplicada que contribuyen al deterioro
de la maquinaria ele´ctrica pudiendo causar incluso la rotura. Es muy importante
localizar este feno´meno para evitar fallos futuros. Este proyecto demuestra como
extraer energ´ıa a partir de feno´menos inductivos. Concretamente, se estudia la
posibilidad de obtener energ´ıa a partir del suceso de descargas parciales, llegando a
un resultado satisfactorio. Varios niveles de energ´ıa se acumulan en un condensador
dependiendo de la topolog´ıa implementada.
Hasta ahora no se ha acumulado energ´ıa a partir de las sen˜ales de descargas par-
ciales. Este trabajo permite establecer una relacio´n entre la tensio´n en un conden-
sador y la actividad de descargas parciales permitiendo llevar a cabo un sistema
de deteccio´n.
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Chapter 1
Introduction
1.1. State of art
Energy is everywhere in the environment among us, it is the engine that powers
the world. Humankind has managed since a long time ago, to get energy from
different sources in order to thrive.
The increasing energy problems and society concerning about them resulted in the
birth of energy harvesting. As its own name suggests, it is the process by which
energy is obtained from different sources and stored for different purposes. It is a
really booming concept that is becoming important due to current energy supply
deficit.
Paying attention to the ancient society strongly dependent on mechanical energy,
and after the formidable progress of technology, several new ways of extracting en-
ergy have arisen. Nevertheless, the unreasonable consumption of energy extracted
from fossil fuels is threatening to change life as we know it.
The first observation of energy harvesting was in form of current from natural
source in 1826. Thomas Johann Seebeck found that a current would flow in a
closed circuit made of two dissimilar metals when they are maintained at different
temperatures [1][2].
In [3] a specially designed DC-DC converter and a thermoelectric generator module
to broadcast a short-range wireless signal was combined. The DC-DC converter
was unique in that is used a switched-capacitor design to handle power supplied
by the thermoelectric generator of either polarity to produce an always positive
power output. The device is shown to operate from either the heat source of a
1
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warm hand or the heat sink provided by a vessel of cold water.
A novel approach to thermal harvesting using a small greenhouse device to capture
thermal energy from solar radiation is proposed in [4]. The greenhouse was used
in conjunction with a solar concentrator and a black body heat sink to harvest
energy to recharge small nickel metal hydride batteries. The device was capable
of recharging an 80 mAh and a 300 mAh nickel metal hydride battery in 4 and 18
minutes, respectively.
Energy harvesting is undoubtedly a noteworthy method for a broad range of self-
powered systems. One of the most remarkable examples is the well-known solar
energy which provides the highest power density than any other energy harvesting
source. While solar harvesting has the higher power density of all harvesting tech-
niques, it is strongly dependent on the intensity and duration of the energy source
available. A device called “Heliomote” was examined and designed to perform
specific energy storage from two solar cells in [5]. In general, solar panels are used
for numerous applications [6].
However, different sorts of energy harvesting sources have recently emerged, energy
from the environment is scavenged through the radio frequency. Nokia launched
a prototype that was able to harvest energy from the antennas or TV in order
to charge slowly its own battery [7]. Aditionally, RF energy can be also used for
supplying wireless sensors as in [8].
Another interesting manner to collect energy is taking profit of piezoelectric sen-
sors. Piezoelectric and electrostatic generators were used to convert pressure vari-
ations to energy because they provide a high power density. In this way, energy
can be extracted from a person running or walking by integrating an electronic
system in a footwear as discussed in [9].
Figure 1: Typical energy harvesting system
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Inductive methods for energy harvesting produce a magnetic field from a current
and a later voltage is induced. This principle is used for many applications, for
example, an energy harvesting system is implemented to convert an store low
voltage sinusoidal power induced from magnetic power generators for supplying
low power applications [10]. Another example could be a supercapacitor charged
by implementing an energy harvesting system taking profit of an aircraft power line
with a current of variable amplitude [11]. Power donuts are devices which allow to
offer remote monitoring of overhead electrical power lines, conductor temperature,
current, voltage are some of the possible measurements offered by this devices [12].
A typical energy harvesting system is composed of several stages: it is necessary
a transducer in order to turn a physical phenomena into an electrical magnitude,
signal processing as AC/DC signal conversion, an element where the energy is
stored and a voltage regulator if needed. This steps are aimed to supply a load in
a suitable way to accomplish the energy harvesting goal.
In this work the explanation to obtain energy from inductive phenomena, focusing
on partial discharges is discussed. This study is something new, not carried out
before.
1.2. Motivation
Electrical industrial equipment is nowadays worldwide extended because of its
great duty performance, so it is present in most of industries. It is known that
electrical machinery life-cycle depends strongly on its insulation status that is hard
affected by partial discharge activity since it contributes to its deterioration.
Partial discharges are produced in the insulation of this sort of machinery. The
importance of its measuring resides in that, it reveals symptoms of insulation
degradation and it permits to estimate the equipment remaining life. Partial
discharge can be detected following various techniques.
Finding a manner to take profit of partial discharges, to avoid the progress of
insulation deterioration is the objective. A contribution to the energy harvesting
concept using partial discharge signals is the main motivation of the present thesis.
3
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Partial discharges
2.1. Introduction
According to [13]: “A partial discharge is a localized electrical discharge that only
partially bridges the insulation between conductors and which can or cannot occur
adjacent to a conductor”. They are a direct consequence of a concentration of high
voltage stress.
Generally, PD signals appears in certain conditions such a presence of joints, air
pockets, gas-filled voids where the air or gas dielectric constant is really small and,
as a result, when a voltage is applied to the insulation, the electric field becomes
very high. Therefore, PDs are produced under medium heterogeneity constant and
strength value. It occurs in insulation systems such as for instance power cables
and power transformers.
An intense electrical field causes an ionization in the medium allowing current to
flow in an attempt to neutralize the charge separation, which prompts the electrical
breakdown and it may lead to failure of the machinery. PD measurement consist
on measuring this spark.
Since the electrical field strength within the void depends on the applied voltage
and it is an alternating current, PDs take place not only in the positive half but
also in the negative one. In Figure 2 it is shown a void inside an insulation, and
as aforementioned, the electrical field within the void is high and an electrical
breakdown will be produced.
4
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Void
Insulation
Electrical field
Figure 2: Void inside an insulation
To understand the complex mechanism of PD an equivalent circuit model known
as the three capacitance model is introduced in Figure 3. It consist of three
capacitors and a discharge gap [14]. The capacitor Cg represents the capacitance
of the void where partial discharges occur, and capacitors Ca and Cb represent the
capacitance of the insulation in parallel and in series with the void, respectively.
The discharge gap G is an element such that when the voltage across the gap
reaches the inception voltage, V +i , a discharge occurs and the voltage is reset to
the residual voltage, V +r , by the compensation caused by the discharge.
Discharges also occur in the opposite direction: when the voltage across the gap
reaches V −i it is reset to V
−
r by a discharge in the opposite direction.
Cg
Cb
Ca
G
Figure 3: Three-capacitors circuit model
A time evolution is implemented in Figure 4. On one hand, u(t) is the voltage
across the gap where partial discharges are likely to occur. On the other hand,
v(t) is the applied alternating voltage where is expected not to occur any partial
discharge.
5
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As regards, real phenomena V ±i and V
±
r cannot be considered constant since real
partial discharges do not necessarily occur and terminate at the set inception and
residual voltages. This process is repeated several times creating, on this way, a
fluctuating current in both half. So the more discharges are produced, the current
flowing through the defect becomes smaller. This current can be used to determine
the integrity of electrical equipment and to carry out a predictive diagnostic to
estimate the need of maintenance.
Time
V
ol
ta
ge
Figure 4: Time evolution [14]
As it is exposed in the previous paragraph, a PD is presented as an extremely
brief electrical current to flow through the air pocket whose duration is between a
few nanoseconds and microseconds. Partial discharges are presented as very high
frequency pulses that have been superimposed to the high voltages. In Figure 5 it
is shown an elliptical representation of the voltage applied with PDs occurring.
0 0
+
−Negative half
Positive half
Figure 5: Partial discharge in a period
Regarding its detection, it is fairly difficult to carry out. It can be divided in two
main groups, conventional and non conventional methods.
6
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2.2. Conventional detection: IEC 60270
DP measuring circuits are detailed in IEC 60270 [15], not only for alternating
current but for direct current with a frequency up to 400 Hz.
Table 1 shows all the parameters involved in both circuits, i.e. circuits related to
direct and indirect methods.
U High voltage source
Ca Test object
Ck Coupling capacitor
Z Filter
Zmi Measuring system impedance
CD Coupling device
MI Measuring instrument
CC Coupling capacitor
Table 1: Parameters involved in PD measuring
2.2.1. Direct method
As it is shown in Figure 6 the measuring impedance is series with the test object.
It is not very common cause this circuit does not pay attention to the safety of
the components and a short-circuit can occur.
Ck
Z
U∼
Ca
CDZmi MI
CC
Figure 6: Direct circuit
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2.2.2. Indirect method
Indirect circuit is exposed and explained in Figure 7. The measuring impedance is
series with the coupling capacitor. This circuit is the most common because since
the measuring impedance is not series with the test object, damages in measuring
instrument are avoided so security at the laboratory is increased.
Ck
Z
U∼ Ca
CDZmi MI
CC
Ck
CD
Another possible
position for CD
Figure 7: Indirect circuit
Several parameters must be explained to understand the behavior of the circuits:
Coupling device. A HFCT is used as coupling device, it is also called RFCT
and it consist of an induction coil with a ferromagnetic core used for measur-
ing transient signals as PD [16]. For this sort of application, this sensors are
exposed as a system, whose input is the PD pulses current and the output
is the induced voltage measuring over the input impedance (50 Ω).
The transfer function of this kind of sensors can be expressed by the Faraday’s
law.
e = −n · dφ
dt
= −n · A · dB
dt
= −µs · n · A · dH
dt
(1)
Taking into consideration that φ is the magnetic flux flowing trough the coil
with a number of turns n in an area defined as A.
Since a ferromagnetic core is present, (1) can be rewritten as follows.
e = −µ0 · µr · n · A · dH
dt
(2)
8
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The voltage in the secondary is clearly proportional to the current in the
primary, so let it be M the mutual inductance between the secondary and
the earth conductor.
e = M · di
dt
(3)
So the equivalent model of a HFCT sensor can be observed in (8).
?
 
Figure 1. HFCT sensor placed in a ground conductor for PD measurement. Figure 8: Equivalent model of a HFCT sensor [16]
High Voltage source. In this case, a transformer is used as a high voltage
source. Once the PD signal is produced, a way to ground must be found.
Since the signal is in the range of HF, the impedance of the coil is:
Zl = j · w · L (4)
It is easy to check that the impedance of the coil of the transformer will be
high as exposed in (4) since PD pulses are high frequency, the transformer
impedance prevents high frequency signals, such as partial discharges,to flow
into the coil and they have to find another path to ground.
Coupling capacitor. According to the aforementioned, the coupling capacitor
allows the current pulse to flow through it. It is remarkable that this capac-
itor must present a low PD activity because it could affect the measuring of
the test object.
Test object. It can be modeled as a capacitor because a voltage between it
and ground arises. It represents any insulating system.
Filter. Is an impedance suitable for lowering the electromagnetic noise of the
high voltage source.
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Measuring instrument. Different devices are required depending on several
parameters as for example, the frequency of the signal, that implies different
bandwidths.
In the procedure to analyze PD signals are involved every instrument defined
above. The circuit is composed of a capacitive divider, a high voltage capacitor
is in series with a measuring impedance, represented in Figure 9. The voltage
supplied by the transformer is raised until PD activity is noticeable, then PD
signals are conducted through the capacitive branch which offers a low impedance
way.
It is important to remark that the pulse is not registered itself, but its occurrence,
this is enough to extract quite information about the partial discharge, as for
instance the signal size or duration [17].
Time Specimen
Partial Discharges
Measuring System
HV
Transformer
Figure 9: PD measuring circuit [17]
2.3. Non conventional detection: IEC 62478
Apart from the conventional method, a new Standard IEC 62478 which covers
acoustic and electromagnetic PD detection methods is under preparation, never-
theless an introduction to both methodologies is exposed. This procedures offer
some advantages over conventional detection, since an electrical contact is not
required which implies a safer situation.
2.3.1. Acoustic methods
The acoustic method detects and locates the position of PD by analyzing the am-
plitude attenuation or phase delay of the acoustic waves propagating from the PD.
10
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For instance, in transformers this waves are caused by the mechanical energy ex-
plosion due to the vaporization of the material inside the transformer tank creating
pressure waves and, regarding the location, it can be estimated by measuring the
time of arrival of the wave [18][19].
Acoustic methods are based on using ultrasonic sensors to detect PDs signals,
acoustic transducers such as microphones or piezoelectric sensors are used for this
purpose. There are certain situations in which several advantages over others
procedures are present. Regarding this case, the acoustic method is immune to
electromagnetic noise, which must be taken into consideration in electrical methods
since it reduces the sensibility and accuracy of the measurement [20].
2.3.2. Electromagnetic methods
Electromagnetic methods consist of a measuring procedure based on radio fre-
quency. Partial discharge pulse signals emit electromagnetic waves suitable for
being detected through devices such as antennas. Depending on the frequency
range of this waves, a differentiation is necessary between HF, VHF and UHF.
HF. It includes a range of frequency from 3 MHz to 30 MHz.
VHF. The frequency range is from 30 MHz to 300 MHz.
UHF. Suitable for frequencies between 300 MHz and 3 GHz. UHF sensors
present several advantages in term of PD measurement which can be summed
up in:
• High immunity to noise and interferences since the frequency spectrum
of that signals is really small, even negligible in certain conditions.
• Great sensitivity inside electrical equipment such as transformer.
• Accurate PD location thanks to the selectivity in the distance demanded
in this method.
After measuring using UHF sensor, an amplifier is recommended in the out-
put, in that, if low levels signal are evaluated, a later sensibility is required
and it is provided by the amplifier.
Antennas are suitable for detecting this electromagnetic waves but sometimes
there are interferences due to the electromagnetic noise present, produced by
the radio or Wi-Fi emission so it is important to analyse this fact in order
to not to make mistakes with the measurement.
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Sometimes it is common to convert the signals from UHF to HF because
processing UHF PD signals requires oscilloscopes with a bandwidth over 1
GHz and a 5 GS/s sampling rate, i.e. a expensive device.
Once the methods to capture partial discharge signals are exposed, some of these
techniques are going to be carried out to extract energy from partial discharge
signals. A focus on the energy obtained from PD signals measured by an inductive
sensor (HFCT) is fundamental but the concepts of energy and power must be
previously introduced.
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At first, it is necessary to calculate the energy of the signal in order to estimate
the power extracted from the partial discharge, so as it is explained below it is
mandatory to compute the area of the signal.
The instantaneous power can be calculated as follows [21].
p(t) =
1
R
v(t)2 dt (5)
So if we set to 1 Ohm the value of the resistor to simplify (5) can be rewritten as:
p(t) = v(t)2 dt (6)
So, once the power is calculated, the energy can be obtained following (7).
w(t) =
∫ t
0
p(t) dt =
∫ t
0
v(t)2 dt (7)
Since the signal is alternating between positive and negative values, as it is shown in
Figure 10, each point of voltage is squared because otherwise positive values would
be cancelled with negative ones. Taking into account the sampling frequency,
and consequently the sampling period, that is, the time difference between two
consecutive points, the power is calculated as the sum of each area divided by the
time necessary to get this energy.
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Figure 10: Sample waveform of an electric signal
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Figure 11: Signal sample time
So, let it be P the average power extracted from the partial discharge signal, Np
the number of points taken and T the time necessary to obtain the signal. Thus,
P =
dW
dt
=
∆W
∆t
(8)
W =
Np∑
i=1
V 2 · Ts (9)
P =
∑Np
i=1 V
2 · Ts
T
(10)
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3.1. Computation of energy and power
Once the previous concepts are introduced, it is necessary to compute the energy
and consequently, the power in order to analyse whether energy could be extracted.
A real case is going to be carried out to at the laboratory because it is fundamental
to determine whether the energy is high enough to be stored. It is important to
remark that the energy from PD signal is going to be obtained from inductive
method because the energy emitted in radio frequency is really small.
For this purpose, the conventional method with the indirect circuit is the choice
to carry out the measuring. The circuit composed at the laboratory is shown in
Figure 12.
Figure 12: Partial discharges detection circuit
The device employed to visualize the measurement is a Tektronix DPO7254 oscil-
loscope. The sampling frequency was set to 5 GS/s in signals from DP1 to DP5
and 1 GS/s in signal DP6 and the event duration was fixed to 1 µs.
The number of samples of a signal is the quantity of points which conform the
signal. It is the inverse of the sampling frequency (fs), that is, the average number
of samples obtained in one second.
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Table 2 collects all the data obtained in the laboratory.
Name Number of Signals Time [s] Voltage [V ] Trigger [V ]
DP1 100 26 1460 1.570
DP2 100 154 1460 1.570
DP3 100 17 1460 0.500
DP4 100 10 2500 1.470
DP5 100 28 2500 1.470
DP6 500 7 2500 0.324
Table 2: PD experimental results
The trigger is the voltage limit value set by the user that thereafter sig-
nals are visualised. In other words, it is the threshold voltage necessary to
start collecting signals. This value must be high enough to avoid appearing
electromagnetic noise, but low enough to not to lose signals that could be
interesting to analyse.
Voltage refers to the level of potential applied to the test object. It is applied
through the HV transformer.
The variable called time, refers to amount of time necessary to obtain the
number of signal established. The reason of the different values of this pa-
rameters is explained later.
Then, in order to calculate the number of samples present in a signal is necessary
to expose the next formula.
Event duration =
Np
fs
(11)
So, accordingly:
Np = fs · Event duration (12)
Thus, the number of samples for DP1 to DP5 matrices is:
Np|DP1-DP5 = 5GS
s
· 1µs = 5000 samples (13)
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The number of samples for DP6 matrix, will be different, since the sampling fre-
quency was modified.
Np|DP6 = 1000GS
s
· 1µs = 1000 samples (14)
The reason why some measurements are repeated is necessary to be explained. PD
activity decreases with time, so at the beginning more signals can be captured. It
can be noticed that, analyzing the variable called time, for DP1 matrix the number
of signals is 100, the same for DP2. The voltage applied to the test object is the
same in both cases and the trigger, that is, the threshold voltage, remains constant.
On the contrary, the time varies which implies that, for the same number of signals
to capture with the same voltage applied and the same trigger, is necessary more
time.
The same reasoning can be extrapolated for DP4 and DP5 signals, the second one
is after a few seconds when PD activity decreased, but the difference from the
previous case is that, in that signals, the voltage has been raised up to 2500 V.
On the other hand, for the analysis of DP3 the trigger was set to 0.5 V with
the purpose of detecting more signals because with a higher value for the trigger
signals with a voltage lower than this threshold values are lost. It can be seen
that, for the same voltage of the source and remaining constant the number of
signals captured, the time is shorter than for DP1 and DP2 signals, fact which
makes sense since the trigger has been lowered, i.e. more signals are detected and,
consequently, the time to get the same number of signals is reduced.
As to DP6, it is remarkable that the number of signals have been set to 500 with
a voltage of 2500 V and the trigger is lowered up to 0.324 V. Checking the results,
in spite of having multiplied by five the number of signals, the time is strongly
reduced, in that, the trigger is low. Once the signals have been saved, exporting
them to Matlab, to calculate the energy and power, is a must.
Therefore, several decisions can be made. First, as higher the level of voltage
applied to the circuit PD activity is more intense and accordingly, the power
available would be greater. However, it is very difficult to determine the number
of PD signals because this value depends on several parameters; the trigger which
allows to measure more signals impinges strongly on the signals detection. For this
case, it is better to set a low trigger instead of a higher one because more signals
will be received in the oscilloscope. The time also affects to the PD activity because
at the beginning more signals are produced, but it tends to become steady when
the times goes on.
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Name Energy [J] Power [W]
DP1 7.4890× 10−6 2.8804× 10−7
DP2 6.4617× 10−6 4.1959× 10−8
DP3 2.5725× 10−6 1.5133× 10−7
DP4 1.4093× 10−5 1.4093× 10−6
DP5 1.2334× 10−5 4.4048× 10−7
DP6 2.3742× 10−5 3.3917× 10−6
Table 3: Computation of energy and power
In conclusion, it is not possible to determine the number of PD signals and accord-
ingly, the power available. However, it can be stated that the higher the voltage
applied, the higher the number of PD signals.
3.2. Estimation: Charging a battery
After the estimation of the power extracted, a first intention is to store the energy
in a battery. Consequently, it is easy to calculate the time necessary to charge a
0.7 mA·h and 3.2 V battery, that would be enough to supply a micro system as
for example a sensor as discussed in [22].
As the signal which provides more energy is DP6 signal (see Table 3) this would
be used to charge the battery. Thus, the definition of power is:
P = V · I (15)
So, the current demanded can be calculated as follows:
I =
P
V
=
3.39 µW
3.2 V
= 1.059 µA (16)
Taking into consideration that the capacity of the battery is 0.7 mA·h, the time
to fully charge the battery is:
t =
0.7 · 10−3A · h
1.059 A
= 660.4 h (17)
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According to the results, it would be a tough task to verify this charging process
during this long period of time because the laboratory must be supervised. Besides,
it is only a first estimation, several conditions must be analyzed since this is how an
ideal situation would be developed following a power balance, but another factors
as, for instance, power losses or being able to extract this energy, ought to be
considered. To sum up, the idea of charging a battery is rejected because of its
time necessary to be charged.
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The results show that the signal which provides more energy and power is signal
called DP6 and that is why the next steps will be implemented from that. As the
duration of DP6 signal shown in Figure 13 is 1 µs, it is very difficult to notice the
voltage rise across the capacitor because it is a pulsating alternating signal and in
addition to this it is a very short signal.
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Figure 13: Partial discharge signal
Firstly, the concept of diode and capacitor are introduced. A diode is a two
terminal electronic component which conducts primarily in one direction. It allows
several functions but in this project one of them is carried out. Diodes can act as
a rectifier allowing the current flow in one direction, i.e. turn alternating current
into direct current.
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(a) Capacitor symbol (b) Diode symbol
Figure 14: Capacitor and diode scheme
A capacitor is a passive device that stores energy in its electric field and returns
energy when it is required.
These devices are going to play an important role in this project. On the one
hand, the diode is going to be necessary to permit the current flow only in sense
to rectify the signal. On the other hand, the capacitor is the first element used for
storing energy.
A first approximation is going to be carried out using Simulink in order to estimate
the power storage capacity. The objective of this part of the project is storing
energy in the capacitor, so a rectification of the signal is going to be carried out.
Since a diode is not included in Simulink software, to simulate the behavior of
an ideal diode the absolute value of DP6 signal is taken. Figure 15 would be the
result obtained after rectifying the signal with an ideal diode.
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Figure 15: Absolute value of DP6 signal
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Once the signal is rectified, a simulation to notice the voltage rise is necessary.
As the signal length is really small, to see the evolution of the voltage across the
capacitor more signals would be inevitable in order to check the time evolution.
A signal called “desc” is created. It is composed of four DP6 signals concatenated
one after the other through Matlab. By doing this, a simulation of several PD
rectified signals is introduced. The result is exposed in Figure 16.
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Figure 16: Desc signal
To check the evolution of the circuit, an initial simulation with Simulink is needed.
The circuit is composed of a voltage source imported from Simulink, a resistor that
simulates the behavior of a diode since it prompts a voltage drop because it is a
non ideal component and a capacitor to be charged up. The value of the resistor is
set to 6 Ω, which is a typical value for the internal resistance of a diode provided
by the datasheet. Different values of capacitance will be evaluated.
As aforementioned, diode is not included in Simulink library and the PD signal
must be rectified, i.e. it is required to keep the signal in positive cycles, so as it
was explained “desc” is the absolute value of DP6 signal.
A typical RC circuit (Figure 17) is implemented through a transfer function as
follows
Vc = Vin · 1/Cs
R + 1/Cs
=
Vin
RCs+ 1
(18)
where Vin is “desc” signal imported from Matlab.
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C VCVin
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Figure 17: RC circuit
When a capacitor is connected to a DC power, two processes, which are called
charging and discharging happen in specific conditions.
To estimate the time necessary to charge and discharge a capacitor, the concept
of time constant is introduced, that is, the product of resistance and capacitance.
According to this, the smaller the resistance or the capacitance, the faster the
charging and discharging processes. But, as a matter of fact, the time necessary
to charge and discharge the capacitor is approximately 5 times the time constant
as exposed in [23].
τ = R · C (19)
Thus, several values of capacitance are evaluated for the simulation, as the equation
shows, if the resistance remains constant, a smaller capacitance means a lower
time to charge the capacitor but also implies a low discharging time that is not
appropriate for capturing energy purposes. The whole diagram is shown in Figure
18.
On the one hand, in order to import the data from Matlab to Simulink the use of a
“From Workspace” block is necessary. On the other hand, for importing data from
Simulink to Matlab after the simulation of the model, a “To Workspace” block is
required.
In Figure 19 is exposed the simulation of the RC circuit implemented through
Simulink using a capacitance of 100nF is shown. The voltage across the diode
raises progressively but in a slow manner. As it was expected, when the “desc”
signal reaches its peak value (the same occurs for Vcap), but since the signal is
a pulse one, there is a time interval when the signal is near 0, consequently, the
capacitor starts the discharging process until a new signal is received.
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Figure 18: Simulink transfer functions
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Figure 19: 100 nF Simulink simulation
It is important to remark that, after the first signal, the value of Vcap is not 0, so
energy is being stored.
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Figure 20: 10 nF Simulink simulation
In Figure 20, the voltage rise reaches its maximum in 0.5V , higher than the pre-
vious simulation. It makes sense because the capacitance is smaller and according
to this, the time constant will be smaller too.
On the contrary, this is not only and advantage but also a disadvantage because
the discharging process will occur faster. It can be seen that, the time gap when
“desc” is approximately 0 is enough to discharge almost completely the capacitor.
In Figure 21 the maximum voltage for the capacitor after the whole signal is 7
mV, pretty far from the previous cases. It is remarkable, that the time constant
is high enough to avoid starting the capacitor discharging process.
In Figure 22, the voltage across the capacitor rises very slowly, the maximum
value for the voltage is 0.7 mV after the four signals. The prevailing tendency is
increasing but much time will be necessary to capture energy.
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Figure 21: 10 µF Simulink simulation
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Figure 22: 100 µF Simulink simulation
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4.1. Results
After analyzing the results, a decision can be made. On the one hand, 10 nF
capacitor is charged up to the highest value, however, it is discharged very quickly,
so the energy storage is not viable. If the results provided from 10 µF and 100 µF
are analysed the voltage across the capacitor is really small but the discharging
process is not started.
100 nF capacitor is the choice for going forward with the simulation, the discharg-
ing process can be noticed, but is not fast enough to completely discharge the
capacitor, so that energy is stored.
To analyse the decision made, the definition of energy stored in a capacitor is
included.
E =
1
2
· Q
2
C
(20)
Since the capacitance is the ratio of charge on each conductor and the voltage V
between them.
C =
Q
V
(21)
So if (21) is included in (20) the result is:
E =
1
2
· C · V 2 (22)
So, taking into consideration (22) which expresses the quantity of energy that
could be stored in a capacitor, checking the capacitor election is a must.
As it is seen, the energy is proportional to the capacitance and the square of the
voltage, a calculation of the energy stored in each case can be easily done [24][25].
E100nF =
1
2
· C · V 2 = 1
2
· 100 · 10−9 · 0.062 = 1.8 · 10−10 J
E10nF =
1
2
· C · V 2 = 1
2
≈ 0
E100µF =
1
2
· C · V 2 = 1
2
· 100 · 10−6 · (7 · 10−4)2 = 2.45 · 10−11 J
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E10µF =
1
2
· 10 · 10−6 C · V 2 = 1
2
· 10 · 10−6 · (7 · 10 · 10−3)2 = 2.45 · 10−10 J
Based on the results, it would be logical to go forward with 10 µF capacitor because
it is able to store more energy, but it is important to observe (19) because of its
dependence on the capacitance, the time to fully charge the capacitor is 100 times
higher with the 10 µF so the election to go deeper with the simulation is 100 nF.
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5.1. Diode selection
The next step is to determine the diode necessary to do the simulation. Considering
that the sample time is very short, a Schottky diode is chosen because this sort
of diode provides a very fast switching action and a low forward voltage drop,
this is really important, especially for power rectification purposes because power
losses would be greater for a higher forward voltage drop and less energy would
be accumulated.
Another important reason why this diode is elected is that low power signals are
being studied and a low forward voltage diode is needed.
Any electronic device passing current develop a voltage across it. This is called
forward voltage of a diode and it arises for two reasons [26].
There are power losses in the device because of its resistive behavior.
The turn on voltage of the diode that depends on the semiconductor material
the diode is built. This material governs the turn on voltage for the diode.
For instance, it is near 0.6 V for silicon and 0.3 V for germanium.
This is a very important parameter to take into account because signals with a
voltage below forward voltage could be analysed, so it is mandatory to choose an
as low forward voltage diode as possible.
The election is Avago’s HSMS286x Schottky detector diode [27] since it is designed
for low power input applications at frequencies below 1.5 GHz with a forward
voltage of 0.3 V and, accordingly, meets every requirement.
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5.2. Peak detector
Once the election of the diode has been carried out, a peak detector circuit is
performed to accumulate energy in a capacitor.
A peak detector is a series connection of a diode and a capacitor that provides a
DC output voltage equal to the peak value of the applied AC signal [28].
The capacitor is charged up to the peak signal of the input. As the diode conducts
only positive half cycles, if the input signal falls below peak value, the diode is
reverse biased blocking current flow back to the source. According to this, the
capacitor retains the peak value even as the input waveform drops to zero.
It is really easy to understand that the provided output signal is not going to
be exactly the peak value of the input signal because the diode is a non ideal
component. Here resides the importance of a low forward voltage drop diode,
since the lower voltage drop, the higher the value of the peak detector output.
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Figure 23: Peak detector sample
It can be shown in Figure 23 that the output voltage is lower than the input, as it
has been explained above. The voltage across the diode (the red signal) rises up
to certain value depending on the voltage drop of the diode.
The aim is to establish a relation between the voltage across the capacitor and the
source voltage.
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The current-voltage behavior of a single diode is described by the Richardson
equation [29][30].
I = Is
[
e(
q·V d
n·K·T ) − 1
]
(23)
where Is is the saturation current, q is the charge of an electron, Vd is the volt-
age across a diode, T is the temperature in degrees Kelvin and K is Boltzmann
constant.
VS
VD
VC
I
+
−
Figure 24: Peak detector circuit
In Figure 24Vc is the voltage across the capacitor and Vs is the voltage of the
source.
The voltage equation around the loop shown in Figure 24 is exposed below.
Vc = Vs − Vd
The current flowing through the diode and the capacitor is the same and the
equation can be integrated over a time period, so Vc can be expressed in terms of
Vs, taking as zero the current of the diode.
Is =
1
T
∫ T
0
eqVDKT − 1
 dt (24)
VC =
K · T
q
ln
[
υ0
(
q · VS
K · T
)]
(25)
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where υ0 is the modified Bessel function of the first type. The value of the id is
set to zero since the current is very low and it results in the next equation.
If we are interested in low power signals, it is obtained:
υ = 1 +
1
4
+
1
64
z2 + ...
Letting z =
qVs
KT
and taking only the first two terms an approximation can be
done.
Vc ≈ KT
q
ln
(
1 +
q2V 2s
4K2T 2
)
∼= qV
2
s
4KT
(26)
It is called square low operation but a further expansion of this model could be
performed as exposed in [29].
So, the equation shows that for a small input signal, the output voltage is pro-
portional to the square of the input signal. Thus, a relation between the voltage
across the capacitor and the voltage of the source is established.
If a larger signal is being studied a further approximation can be carried out.
Vc = Vs − KT
2q
ln
(
2piqVs
KT
)
(27)
In this case, Vc varies strongly as Vs and the detector is said to work in its peak
detecting region.
This would be the behavior of an ideal peak detector, but this project is more com-
plex and several conditions must be taken into account. The voltage of the source
is not a sine wave, but a pulse signal and PD signals are really fast (nanoseconds)
with alternating values, so a simulation to understand how a peak detector works
in such situation is recommended.
The circuit will be evaluated for different values of capacitance using Pspice in
order to analyze the influence of the capacitance in the capacitor charging regarding
the time constant.
5.3. Pspice simulation
Orcad EE Pspice is a powerful circuit simulator application for simulation and
verification of analog and mixed-signals circuits. What makes strong Pspice is
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the possibility to simulate real components from electronics manufacturers using
a Pspice library provided by them.
A deeper analysis is carried out using Orcad Capture. This software lets include an
external voltage source imported from a file. According to this, a “.txt” file which
contains the time and the voltage in two columns is generated through Matlab.
VPWL FILE REPEAT FOREVER is a Pspice tool which allows to repeat the
voltage source imported from an external file during a fixed time set by the user.
It is really important for this project in order to simulate several PD signals and
analyze the quantity of energy captured in different configurations.
A peak detector will be evaluated for different values of capacitance using Pspice in
order to analyze the impingement of the capacitance in the charge of the capacitor.
To start with, every component must be placed in a new project and joined through
a wire, but the Pspice model for HSMS286X diode is not available neither Pspice
nor on the manufacturer website so it is necessary to create a new model from a
default diode model.
Hence, the initial diode parameters must be replaced with the values from the
datasheet (Table 4).
SPICE Parameters
Parameter Units Value
BV V 7.0
CJ0 pF 0.18
EG eV 0.69
IBV A 1× 10−5
IS A 5× 10−8
N - 1.08
RS Ω 6.0
PB (V J) V 0.65
PT (XTI) - 2
M - 0.5
Table 4: HSMS286x diode Spice parameters
Once the new model of the HSMS286x diode is created, the circuit can be imple-
mented. The result is shown in Figure 25.
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Figure 25: Implementation of the circuit
In this model, V 1 is an external voltage source imported from Matlab, it is shown
in Figure 13. The number of samples of the signal is 1000 as (14) shows but it
is repeated during 30 ms one signal after the other. D1 is the model created in
“Model editor” from Pspice, it is the Schottky diode elected in order to run the
simulation.
Several values for the capacitance are evaluated in order to check the behaviour of
the peak detector. The simulation time is set to 30 ms in order to observe enough
signals to notice the evolution of the voltage across the capacitor.
The number of signals received in 30 ms can be easily calculated taken into con-
sideration that one signal lasts 1 µs.
Number of signals =
30 · 10−3 µs
1
µs
signal
= 30000
In Figure 26 it is shown the evolution of the voltage across the 10 µF capacitor.
A voltage rise, up to 0.55 V is shown. At the beginning, the slope of the voltage
is very high but in the end it tends to an horizontal line.
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Figure 26: 10 µF Pspice Simulation
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Figure 27: 100 µF Pspice Simulation
The voltage across the capacitor of 100 µF is exposed in Figure 27. The tendency
is nearly linear but the voltage rise is up to near 0.3 V, i.e. less than the previous
case. It makes sense because the time constant is bigger since the capacitance is
10 times higher.
In contrast with the 10 µF capacitor, there is no an ultimate horizontal line ten-
dency.
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Figure 28: 100 nF Pspice Simulation
It is noticeable that in Figure 28 the voltage across the capacitor tends to 0.7 V,
most of the voltage rise happens at the beginning of the signal and after 5 ms
approximately the slope is strongly reduced. It tends to became steady when the
value of 0.7 V is reached.
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Figure 29: 10 nF Pspice Simulation
As it was expected, the voltage across this capacitor is the highest of the four
simulations as it can be seen in Figure 29, this is due to the smaller the capacitance,
the shorter the time constant, that is, less time is necessary to fully charge the
capacitor if the capacitance is smaller.
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As the time is the same for every case, the voltage rise is greater for the lower
capacitance capacitor.
5.4. Results
After the comparison among the different study cases, several conclusions can be
extracted. As lower the capacitance, higher the voltage across the capacitor. It is
related to (19), because a lower time constant, implies that the time necessary for
charging the capacitor is also smaller.
On the other hand, it seems to have a tendency to became constant near 0.8 V,
regardless the capacitance. For 100 µF and 10 µF capacitors the simulation time
is not long enough to demonstrate that it tends to a constant value but it is likely
to happen.
Since the aim of this project is to collect energy, an estimation of the energy stored
in the capacitor must be done. Since the highest value for the voltage across the
capacitor seems to be 0.8 V because the voltage evolution tends to become steady
near this value, the energy stored will be:
E =
1
2
· C · V 2 = 1
2
· 100 · 10−9 · 0.82 = 3.20 · 10−8 J (28)
Considering the results, it is a very low power quantity. It depends on the ca-
pacitance of the capacitor, that it was set to 100 µF and the voltage across the
capacitor that seems to reach a maximum value which must be taken into account.
As expected, the peak detector does not work ideally since these signals are really
fast and short. The peak value for the positive cycles of DP6 signal shown in
Figure 30 is approximately 1 V, and the maximum value for the voltage across the
capacitor is near 0.8 V. An explanation must be found to determine why the peak
detector does not work properly.
The peak value of the signal in the positive half is near 1 V and this value for the
negative half is 1.8 V, but the voltage in the capacitor is rectified from the positive
half so the reference value is 1 V.
To try to understand the behavior of the peak detector in this situation a simula-
tion of the voltage across a 100 nF capacitor after one signal is exposed in Figure
31.
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Figure 30: DP6 signal
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Figure 31: Vcap for 100 nF capacitor
If the voltage across the capacitor is analyzed, it is pretty far from the peak value
of the input signal since it is very fast and the time constant of the capacitor
might be higher. According to this, it would be necessary more time to charge the
capacitor.
It is known that is required approximately five times the value of the time constant
in order to charge fully the capacitor.
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To estimate an approximate value for the time constant of the capacitor it is
necessary to obtain the equivalent model exposed of the used diode (Figure 32),
this information is provided by the datasheet.
RS Rj
Cj
Figure 32: Equivalent model for HSMS286x diode
In the model proposed, Rs is 6 Omega as it is exposed in diode features. In order
to do a first approximation, let it consider negligible the value of the rest of the
circuit.
τ = Rs · C = 6Ω · 100 · 10−9F = 600ns = 0.6µs
So the time necessary to fully charge the capacitor according to [23] would be
approximately:
5 · τ = 5 · 0.6 µs = 3 µs
Now a comparison between this time and the rise time for the first peak of DP6
signal must be done.
It can be noticed above in the Figure 30, that the rise time for DP6 signal is
approximately 0.15 µs, that is, the capacitor could not be charged because the
time necessary to get the capacitor fully charged is 20 times higher than the PD
signal rise time. It is necessary to remark that in spite of having neglected Rj and
Cj, the result would have been the same since this parameters are of the same
order of magnitude and the variation in the time constant would not be relevant.
To sum up, since very fast signals are evaluated, several difficulties arise.
To check this hypothesis it is necessary to move forward with the simulation. A
capacitor of 10 pF is evaluated for the same circuit. The time necessary to fully
charge it can be previously calculated.
5 · τ = 5 ·R · C = 5 · 6 · 10−12 = 0.03 ns
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In this case, the time to fully charge the capacitor is smaller than the rise time,
therefore, the capacitor could be fully charged.
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Figure 33: Peak detector for 100 pF capacitance
As foreseen, the peak detector works properly since the charging time is smaller
than the rise time of the signal as Figure 33 points out.
The voltage is set to a value near the peak value because the diode is a non ideal
component and a voltage drop is produced across the diode. In addition, as it was
exposed, the diode blocks the current to flow back, setting the value of the output.
Another important fact to analyse is the signal shape. As exposed in Chapter 2
the circuit that allows to detect partial discharge can be represented as a RLC
circuit, the resistance is present in the cables and several capacitors and a coil are
included in the detection circuit (see Figure 9).
Accordingly, taking into account [31], the response of the partial discharge could
be compared with a damped sinusoid, this is a sinusoidal function whose amplitude
tends to 0 when the times goes on. The result is exposed in Figure 34.
The blue line represents the partial discharge signal obtained following the Stan-
dard method, the red line is a damped sine wave that can be compared with the
partial discharge signal. The approximation is pretty good since the red line is very
similar to the blue one. A typical damped sinusoid has the following structure.
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Figure 34: Comparisson with dumped sinusoid
The importance of this comparison resides in that a better understanding of the
signal may help to simulate the feasibility of charging the capacitor. Besides, if
it is not possible to access the laboratory in order to collect real signals, a signal
could be created following this explanation.
y(t) = A · e−b·t · cos(C · t+D) (29)
where A, B, C and D are constant whose meaning and value is listed in Table 5.
Name Meaning Value
A Amplitude of the envelope 1.6 V
B Decay constant 6.66 · 10−6 s−1
C Pulsation 8.72 · 10−7 s−1
D Phase angle at t=0 −pi/3
Table 5: Damped sinusoid parameters
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Laboratory results
After the simulation through Pspice it is mandatory to check the real response of
the circuit. Several measurements were taken varying the level of voltage. The
circuit implementation is the same that for the simulation in Pspice, a breadboard
was used to join the components.
Figure 35: Partial discharge activity for 3000 V
In Figure 35, it is shown an image from the oscilloscope. In this case the polar-
ity of the circuit has been inverted because partial discharge activity was more
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pronounced in the negative half.
Channel 1, in blue color, is the partial discharge signal with an scale of 800 mV/div,
so the peak of the PD signal is approximately 800 mV and in the channel 2, in
red color, of the oscilloscope can be appreciated the response of the peak detector
with an scale of 30 mV/div. The time scale is set to 200 ns/div.
The signal is difficult to analyse since electromagnetic noise is present, for this
reason, for the next measurements, an average of the signal is enabled in the
oscilloscope to observe clearly the output of the circuit.
Figure 36: Partial discharge activity for 3600 V
Since the voltage applied is risen, PDs are expected to increase their activity so
the scale of the channel 2 of the oscilloscope is modified up to 60 mV/div. In
Figure 36, it is noticeable the light blue signal that represents the average of the
output signal. The purpose of this signal is to visualize the average value of the
signal so that there are no mistakes in the measuring.
The average value of the output is close to 120 mV, and it remains constant because
the diode of the peak detector blocks the current to flow back to the source.
As the voltage is increased, PD activity is also higher. For Figure 37 the voltage
across the capacitor, that is the output of the circuit, is around 180 mV.
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Figure 37: Partial discharge activity for 4000 V
Figure 38: Partial discharge activity for 6000 V
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The last of the simulations is carried out with a maximum voltage of 6000 V.
It is recommended not to rise the voltage over this value in order to protect the
oscilloscope, because it might be dangerous.
In Figure 38 the voltage rise is up to 700 mV, this fact makes sense because the
higher the voltage source value, the higher the output of the circuit since it is
proportional to the presence of PD signals.
In conclusion, energy has been harvested from PD pulses in a capacitor. When
PDs activity is steady, if the voltage is raised, the presence of PD signals become
more pronounced but after certain time, it becomes steady again. The result of
the real test is pretty similar to the previous simulation since the voltage across
the capacitor is near 0.7 V in both cases. The energy harvested was calculated
approximately after the simulation (see (28)).
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Booster
Despite having accumulated energy in a capacitor, the available energy is really
low. A booster can be joined to the circuit in order to increase the voltage across
the capacitor.
A booster is a DC-DC converter that step up the input voltage when it is higher
than a pass-through threshold, but taking into account that the power (P = V · I)
must be conserved, the output current has to be lower than the input current
[32][33].
This electronic circuit is based on the configuration exposed in Figure 40. It
is composed of a coil which accumulates energy in a magnetic field as long as
the current flows. If the current changes, a voltage is induced in the conductor
according to the Faraday’s Law.
Two processes occur in the step up voltage:
Charging phase. If the switch remains open for a long time the output voltage
is equal to the input voltage, when the switch closes the diode prevents the
capacitor from discharging (see On-State in Figure 39). The current through
the inductor rises linearly at a rate proportional to the input voltage divided
by the inductance and the load is powered by the capacitor.
Discharging phase. When the switch is open again the current flows from
the inductor through the diode in order to charge the output. See On-State
in Figure 39. As the output voltage is increased, the current, di
dt
through the
inductor is reversed.
To sum up, the output voltage is the input voltage with the contribution of the
energy accumulated in the inductor.
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Figure 39: Simple boost converter states
The output voltage depends on the duty cycle of the switch, this concept is im-
portant to be introduced. It is the fraction of the switching period T during which
the switch is on, so the value of D is constricted between 0 and 1.
According to [34], the output voltage can be expressed as:
Vo = Vin · 1
1−D (30)
0 0
0
0
1
2
V1
Vin V2
Vout
D1
DIODE
L1
C5
Figure 40: Simple boost converter circuit
To select the booster required it is important to notice that the maximum voltage
across the capacitor is near 0.7 V and there is a voltage threshold that is needed
to overcome in order to get an output voltage over the input.
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In addition, it is fundamental to choose a boost with a great power efficiency. This
is very important because the aim of this project is to accumulate energy then,
power losses would affect this goal.
TPS610982 boost from Texas Instrument is the choice. The recommended voltage
required in the input of the boost is 0.7 V, so this requirement is met. The output
voltage is selectable up to 4.3 V and the efficiency is close to 90%.
Firstly, it is necessary to simulate the behaviour of the circuit in Pspice. The steps
to design the coupling circuit for Pspice are given in the datasheet.
SW
MODE
VMAIN
VSUBVIN
CBAT
10µF
CO2
10µF
CO1
10µF
BOOST 
CTRL
LDO 
CTRL
GND
CIN
0.1µF
RIN
400
MCU
Subsystem
3.3V
3.0V
0.7V to 1.65V
L
4.7µH
Figure 57. Typical Application of TPS610981 to Power Low Power System
Figure 41: TPS2860 Booster from Texas instrument [35]
Every pin must be explained in order to understand this electronic device and its
connection.
SW pin is the connection for the inductor.
VIN pin is the power supply input.
MODE pin is a feature to control the mode. Active mode and low power
mode are available. The first one activates two outputs (VMAIN and VSUB),
the low power mode allows to activate only the VMAIN output. It is very
important not to leave MODE pin floating.
VMAIN pin is the output of the circuit with the boosted voltage.
VSUB pin allows to supply another peripheral load if mode pin is active.
GND pin is the ground of the circuit.
Further advices are given such as thermal considerations that are not going to be
taken into account for this project.
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So, following the recommended implementation by the manufacturer [35] shown
in Figure 41 the consequent Pspice model can be achieved looking at Figure 42.
0
0
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C1
0.1uF
R1
400
U4
TPS610982_TRANS
SS = 1
VMAINSW
VIN
MODE
VSUB
GND
C6
10nF
D1
HSM286X
V1
C:\DP6.txt
L1
4.7uH C5
10uF
Figure 42: TPS2860 Booster Psice implementation
Date/Time run: 03/03/16 17:22:29
** Profile: "SCHEMATIC1-definitivo"  [ C:\Cadence\SPB_16.6\tools\capture\1\definitivo-PSpiceFiles\SCHEMATIC1\def...
Temperature: 27.0
Date: March 04, 2016 Page 1 Time: 00:25:25
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Figure 43: Simulation result
The simulation was not completed, a long time was required and an error during
the simulation occurred. Several tries were carried out but the computer was not
powerful enough to run the simulation. Even so, the result of the process is shown
in Figure 43.
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The signal represented in red colour is the voltage across the capacitor of 100 nF,
it reaches a value of near 700 mV as it is checked in previous simulations but, in
this case, it is an oscillating value between 400 and 700 mV. This can be caused
by the presence of an extra load represented by the booster that absorbs energy
from the capacitor.
On the other hand, the green signal is the boost output, i.e. VMAIN. In this case,
the booster starts running because the input of the booster is over the threshold
voltage but the time is not enough to notice a step up in the voltage since at 3 ms
is stopped when the output voltage is close to 300 mV.
Since it is not a conclusive result the booster is tested at the laboratory, but the
output voltage falls to 0.
As conclusion, this booster is not a good option to step up the voltage. One of
the main reasons is that the minimum input voltage for the booster is near the
voltage across the capacitor which means that more energy is demanded.
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Model extension
Power supply problems are present. The motive is that only positive half of the
signal is being used since the diode only conducts in one sense. This inconvenient
could be resolved by implementing a full wave rectifier [36].
Full wave rectifier consists of an electronic circuit composed of several diodes so
that not only positive cycle half but negative one is rectified, it means more energy
extractable to set the goal of harvesting energy closer.
It allows to convert AC or pulsing direct current from a low voltage to a higher
voltage lever, a step up in the voltage is produced. The main advantage is that
it produces a voltage rise using only diodes and capacitors, which means cheap
devices. Indeed, several stages can be joined one each other to achieve a greater
voltage.
The explanation of the circuit operation is exposed in Figure 44.
i1
i2
i3
i4
Figure 44: Cockcroft-Walton multiplier
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Consider Vi as an alternating current power supply with Vp defined as the peak
value of the input signal.
When the input voltage reaches the negative peak of Vi signal, the current charges
C1 capacitor through D1 diode to a value of Vp with i1 current. However, when
the signal is reversed and the positive peak is reached, the current charges C1 up
to 2 · Vp and since D1 is reverse biased the current i2 flows through D2 branch in
order to produce a voltage across C2 of 2 · Vp.
In the next cycle, when the voltage is reversed again, C3 is charged to 2·Vp through
D3 with i3. At last, C4 is charged up to 2 · Vp with i4 flowing through D4 when
the positive peak is reached.
Extrapolating on this idea, the output voltage is:
Vo = 2 · n · Vp (31)
where n is the number of stages. It is determined by the number of capacitors
between ground and the output signal which in this case are capacitors C2 and
C4.
It is important to say that in this explanation the forward voltage of every diode
is not considered but it is an important fact that must be taken into consideration
because for the real output voltage calculation, four voltage drops in the diodes
are produced. Therefore, a lower voltage in the output is expected.
For this project purpose, a two stages multiplier is going to be implemented, the
difference regarding Figure 44 is that a higher capacitance capacitor is added at
the output voltage in order to storage energy, diodes from D1 to D4 are set to 1
pF and the output capacitor is set to 100 nF [37].
The response of C1 - C4 diodes is very fast because of its time constant equation
(19) while the output capacitor response is slower since the capacitance is pretty
smaller but the discharging process will also occur in a slower manner.
8.1. Pspice simulation
The next step is to analyse the behaviour of the circuit by implementing this model
in Pspice, the diodes necessary to run the simulation are HSMS286x Schottky
diodes from Avago Technology created in subsection 5.3 (See Figure 45).
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Figure 45: Cockcroft-Walton rectifier Pspice model
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Figure 46: Cockcroft-Walton rectifier Pspice response
In Figure 46 it is exposed the output voltage of the two-stages Cockcroft-Walton
rectifier. As expected the voltage across the C5 capacitor is much higher than
the Figure 31 in spite of having set a shorter time for the simulation. The output
voltage is around 4 V while using a simple rectifier this voltage is approximately
0.7 V, i.e. for the same input signal has been multiplied by more than five the
voltage across the capacitor.
Regarding the investment, it is negligible since the price of diodes and capacitors
is really low, so an improving has been carried out paying attention to economic
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issues.
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PCB implementation
9.1. Definition
A simulation of a Cockcroft-Walton rectifier with Pspice was carried out and since
the results were very satisfactory, a real model to check the real behaviour of this
electronic circuit is required. Implementing this circuit in a breadboard is a tough
task because the element size is really small and they must be soldered so the idea
of creating a PCB arises.
A PCB is a connection of electronic components through electrical routes. They are
etched from copper sheets laminated onto a non-conductive substrate. Depending
on the component, it may be embedded or soldered. Besides, the PCB can be
single sided or double sided, it is one or two copper layers and different layers are
joined through a via.
9.2. Design
Modern PCB are implemented with layout software, following several steps. They
can be summed up as follows:
An initial schematic design is necessary through a Software.
The card dimension must be adjusted depending on the component size.
The components are placed taking into consideration the subsequent routing.
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The number of layers must be decided. It is strongly dependent on the
circuitry complexity. In this step, it is important to define whether grounds
plane are necessary or not, it would be the reference of the circuit.
The clearance between different components is set in order to set a large
enough gap to make easier the soldering of the elements.
The components are routed following the schematic.
Gerber files are processed by a CAD software to manufacture the PCB.
9.3. Eagle model
In this case, for implementing a PCB, Eagle software is the choice for its good
performance and its strong electronic devices supply from different manufacturers.
Previous steps are going to be followed to create a printed circuit board.
First of all, it is mandatory to develop a schematic, it is to conform the circuit
exposed in Figure 45 but in Eagle software. Since every component involved in
this circuit is included in Eagle libraries is not necessary to create a new model
from an existing one as in Pspice case.
It is important to select the same diode because the package can vary depending on
the model, in this case the recommended package by the manufacturer is SOT323.
Before creating the schematic, let check the package for HSMS286X diode pro-
vided by Eagle, so a comparison between the package dimensions supplied by the
manufacturer and Eagle dimensions is done. It is a very important step because
otherwise, it could cause problems in order to be soldered.
It is important to remark that this dimensions are exposed to a certain level of
tolerance, as shown in Figure 47a.
In Figure 47b is shown SOT-323 Eagle package. One measuring is checked, the
result of this is 2.09 mm and in Figure 47a the valid interval for D measuring is
between 1.80 - 2.25 mm so it is considered as a valid package.
In Figure 49 is implemented the schematic in order to create the PCB to carry
out the simulation of a Cockcroft-Walton rectifier to increase the voltage across
the capacitor and subsequently the energy extracted from PDs.
Since no simulation is going to be run, it is not necessary to import the voltage
source but a SMA connector as the one shown in Figure 48 is required to take the
signal from the PD origin to the PCB.
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Figure 47: Package comparisson [27]
Figure 48: SMA connector
The result of the schematic is shown in Figure 49 on the following page, the
name of the elements is the same as Figure 46 in order to be consistent with the
explanations. Regarding the SMA connector is represented as X2 in Figure 49.
In this case, it is not important to set the values of the components but the correct
package to reach a good layout.
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Figure 49: Cockcroft-Walton rectifier Eagle schematic
Once the schematic is completed the button “Switch to board” is pressed to access
the menu of the board implementation in order to modify the features of the PCB.
A standard dimension is needed so a 3.5 × 5 mm board is the election, since
the circuit is not very complex and the elements are small. The component are
carefully placed considering the circuit topology and the layer is set to one. This
is due to no ground plane is required and there is enough space in top layer to lay
the whole circuit.
It is important to establish clearances between elements, element and route, routes,
vias and pads regarding the soldering because if two points with different voltage
are soldered a short-circuit is produced. The width of the route must be enough
to facilitate the welding, in this case 1 mm width route is chosen.
Before routing the components a consideration has to be followed, right angles
must be avoided considering that they prompt a higher copper concentration which
generates a greater impedance. In addition, right angles produce an electrical field
emission which may lead to an uncertain voltage transmission.
The next step is routing the components, Eagle software offers an “Autorouting”
feature that routes every component automatically, in this case the circuit is routed
manually to aim a better layout. The result of the PCB layout is in Figure 50.
Once the layout of the printed circuit board is completed, it is necessary to man-
ufacture the board. This job is intended for Universidad Carlos III de Madrid
workshop.
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Figure 50: PCB layout
The information necessary to proceed is Gerber files. This format is an ASCII
vector format for 2-D binary images. There are two mains types of Gerber format.
Extended Gerber or RS-274X. This is the current Gerber format.
Standard Gerber or RS-274-D. This format is obsolete. It is superseded by
Extended Gerber.
For this project Extended Gerber is used. The files required are a top and a
bottom layer file, another one containing the dimension of the board and a file
which includes all the drills. This information is delivered to the workshop together
with a real size figure because in case Gerber files are not recognised this image is
enough to implement the PCB.
9.4. Real model
After delivering the precise information to the workshop, a PCB taking into con-
sideration the layout conformed is received, the result is exposed in Figure 51.
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Figure 51: PCB result
The objective of creating a PCB is to check the response of the Cockcroft-Walton
rectifier applied to PD signals. An analysis of the voltage across the capacitor
is fundamental to estimate the energy stored because depending on the storage
capacity a different purpose will aimed.
Providing the results are feasible, an external energy harvesting and boost module
would be used in order to carry out an adequate power management.
Indirect circuit, as the one exposed in Figure 7 for PD detection following the
conventional method, is again implemented at the laboratory. Cockcroft-Walton
rectifier is intended to rectify and amplify the voltage from partial discharge sig-
nals.
The output voltage is near 1.5 V. Comparing with the simulation the voltage is
fairly lower but with respect the peak detector case, which offers 0.7 V as maximum
value, it is a great improving since the voltage is doubled. Regarding the energy
stored in the capacitor, it can be calculated as follows.
E =
1
2
· C · V 2 = 1
2
· 100 · 10−9 · 1.52 = 1.125 · 10−7 J (32)
Accordingly, a ratio taking into account this energy accumulated from the voltage
multiplier and the case with the peak detector is calculated.
Ratio =
Emultiplier
Epeak
=
2.45 · 10−8
1.125 · 10−7 = 4.59 (33)
According to (33) near 5 times more of energy is stored thanks to the circuit
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implemented. However, this energy is still a low figure so, in order to increase
the energy storage capacity, a 1 mF capacitor was soldered in 100 nF place. This
is due to the energy stored in a capacitor is affected linearly by the capacitance,
i.e. if the same voltage is obtained in the capacitor, the energy stored would be
1 · 10−3
100 · 10−9 = 10000 times higher.
Another important factor that must be taken into consideration is the time con-
stant. If the capacitance is raised, the time constant is linearly dependent on the
capacitance so the time to fully charge the capacitor is also 10000 times higher.
So in the PCB shown in Figure 51 the capacitor present is 1 mF capacitor not 100
nF capacitor.
Once the capacitor is changed, the voltage across the capacitor is 300 mV in one
hour charging. The next step is to check the behaviour of an energy harvesting
module.
9.5. Energy harvesting and Boost module
An improvement regarding the energy storage capacity has been carried out. In
this case the energy scavenged is 5 times higher than the peak detector situation.
Thus, an energy harvesting module can be included in the project in order to take
the energy from the capacitor.
EH300 Energy Harvesting Module from Advanced Linear Devices is the election.
This module is suitable for low power intermittent duty and long storage time
applications [38].
The energy management of capturing, accumulating and storing small packets of
energy requires high energy efficiency. The circuit of the energy harvesting module
must stay in active mode in order to store energy whenever it becomes available
and provide an output as required.
In this case, Advanced Linear Devices offers a booster and an energy harvesting
module. This permits to step up the voltage across the capacitor even more in
order to be stored later.
The requirement is an input DC voltage over 0 V with a current over 1 nA.
From this value on, the booster steps up the voltage and after that the energy is
accumulated thanks to the EH300 harvester module.
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In Figure 52 it is exposed the necessary connection to join this device to the output
of the voltage multiplier. The low voltage energy source comes from the output
of the Cockcroft-Walton rectifier. Then, the link between EH4200 and EH300
modules is mandatory to provide a higher voltage. The energy is stored in EH300
module to carry out a purpose as for example powering an external load or charging
a battery.
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Figure 52: Module connection [38]
After connecting every component as explained, this circuitry is checked at the
laboratory but the output voltage of the harvesting module is 0 and the capacitor
is discharged. No explanation is found because the requirements are met and con-
tacting the technical department of the manufacturer is required to find out about
the occurring problem. After being replied, the response was not very clarifying
which implied a petition for additional information but no further response was
received.
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Final results
In spite of not having been able to use the energy harvester module, it is possible
to store energy in a capacitor. The energy harvesting target is accomplished.
Harvester module uses a booster to step up the voltage but it is not necessary
because of the Cockcroft-Walton rectifier utilization which steps up and rectifies
the voltage.
Depending on the PD activity different energy levels will be stored in the capacitor.
It is noticeable through the voltage across the capacitor, i.e. a relation between
partial discharge occurrence and a voltage across the capacitor is done.
Hence, it is important to quantify the charging rate of the 1 mF capacitor. Several
measurements are carried out at the laboratory to typify this variable.
There are several parameters involved in PDs activity. On the one hand, it depends
on the voltage applied to the detection circuit. When voltage is applied, partial
discharge phenomenon is present and it tends to become constant in approximately
twenty minutes time, but if the voltage is raised again, partial discharge activity
is increased.
On the other hand, partial discharges appearance is affected by the time, that
is, at the beginning of applying voltage, PD activity is more intense but it tends
to decrease when the times goes on. Another important factor to describe is the
trigger, if a low trigger is set, more acquisitions appear but these signals can be
electromagnetic noise.
Each five minutes the value of the acquisitions of partial discharges provided by
the oscilloscope is noted down and after that, the value is reset. It is expected
to obtain a higher value at the beginning of applying voltage because PD activity
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tends to become steady. So the first measuring is in t = 5, the second one in
t = 10...
Time [min] Acqs Trigger [V] Voltage [V]
5 8250 2 2145
10 4870 2 2145
15 3200 2 2145
20 2260 2 2145
25 2230 2 2145
Table 6: PD acquisitions at 2145 V
According to Table 6, it is noticeable that partial discharge activity decreases with
time but it must be taken into account that partial discharges activity depends
mainly on the insulation state. In this case the trigger is set to 2 V. Thus, signals
under this value are not visualised, so it would be logical that if the trigger is set
to a lower value, the number of acquisitions present in the oscilloscope is higher.
The supply voltage is raised up to 3485 V and the time goes until the partial
discharge activity is established. Two measuring are taken.
Time [min] Acqs Trigger [mV] Voltage [V]
1 1573 320 3485
3 3100 320 3485
Table 7: PD acquisitions at 3485 V
It can be seen in Table 7 that the number of acquisitions have increased noticeably,
this is for two reasons: the trigger has been lowered from 2 V to 320 mV prompting
a higher number of signals detected by the oscilloscope and the voltage supply has
been increased up to 3485 V. In this case, the number of acquisitions per minute
is near 1500.
In conclusion, as expected PD activity depends on the voltage applied, and the
time. As higher the voltage, greater the number of acquisitions. The trigger has
only influence regarding the visualization since a low trigger allows more signals
to be detected but it does not affect to the charging rate of the capacitor. At last,
the PD activity declines with time.
To analyse the charging rate of the capacitor, a similar process is carried out.
Varying the voltage supply three times, the value of the voltage across the capacitor
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is noted down each minute. An average function is enabled in the oscilloscope to
visualize the value of the voltage. Several examples are shown. In Figure 53 the
voltage across the capacitor is near 22 mV, applying 2185 V. For the case of Figure
54 the voltage across the capacitor is 321 mV with a supply voltage of 3485 V.
Figure 53: Capacitor charging rate 1
In Figure 55 it is shown the evolution of voltage across the capacitor, there are
three differentiated stages because the supply voltage is modified three times.
At the beginning of every stage the slope is exponential but it tends to become
steady at the end of the stage when the times passes.
It is noticeable that, depending on the voltage applied, the slope is different for
every case. The slope is higher for 2985 and 3500 V cases since as it was explained,
PD activity is more pronounced as higher the voltage.
For every situation, when PD activity becomes steady the rate of charging, i.e.
the slope of the ending part in every stage, is near 1 mV/minute as exposed in
Figure 55.
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Figure 54: Capacitor charging rate 2
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Figure 55: Voltage rise
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Conclusion and Future work
11.1. Conclusion
This thesis demonstrates how to harvest energy from partial discharge signals. A
relation between partial discharges activity and a voltage in a capacitor is estab-
lished. It is shown different configurations in order to store different energy levels
in a capacitor.
This report can be structured in various stages. Firstly, partial discharge signals
are detected following the conventional method exposed in the Standard. Once
the signal is detected, Matlab allows to estimate the extractable energy is done.
Thus, a first idea arises, it is calculated the time necessary to fully charge a 3.2
V and 0.7 mA·h battery, but this plan was rejected since it could not be tested
at the laboratory due to its long time requirement, approximately 660 hours were
needed to fully charge the battery in an ideal case.
After that, because of these signals are very particular with regard to its duration
and shape, a deeper study to find a speed enough diode to rectify the signal
is unavoidable. The choice was HSMS286x Schottky diode, so the peak detector
circuit is composed of this diode to rectify the signal and a capacitor to accumulate
energy.
Different simulation was run in Pspice to determine the best topology and the cir-
cuit was tested at the laboratory. As this project exposes the result is satisfactory,
energy is harvested. Therefore, a booster module was tested with views to step up
the voltage across the capacitor but it did not work. It may be due to the voltage
across the capacitor was occasionally under the minimum input voltage required
in the booster.
67
11.1. Conclusion Chapter 11. Conclusion and Future work
At last, since the energy accumulated in the capacitor is small, an extension of
the model is presented. A voltage multiplier circuit is simulated in Pspice and,
as expected, the energy storage capacity is signally increased, so to check the real
model a PCB is designed and manufactured. The outcome of the real circuit pro-
vides five times more energy than the previous situation. Additionally, a harvester
module was connected to the output of the multiplier but the energy stored in the
module was zero. The project went forward without this module.
Since energy is harvested, it is important to quantify the charging rate of the
capacitor that is the storage element. Several conclusions can be remarked. As
higher the voltage applied to the PD detection circuit, higher is the initial rate
of charge of the capacitor, but when the times goes on, regardless of the voltage,
the charging rate tends to become constant near a value of 1 mV per minute. To
typify this phenomenon, several measuring are exposed and explained during the
report.
The maximum voltage across a 1 mF capacitor was 300 mV in one hour which
implies a energy of 45 µJ. This energy is not high enough to power a sensor as
aimed at the beginning of the project. A later idea of turning a Led on arose, but
a simulation run with Pspice shown in Figure 56 demonstrates that it could be
turned on for less than a second because the led needs a current flowing over 5 mA
to be turned on. This idea was also rejected because there is no point in turning
a warning led for less than a second.
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Figure 56: Led response
68
11.2. Future work Chapter 11. Conclusion and Future work
Summing up, the aim of the project, i.e. harvesting energy from inductive phe-
nomena, is accomplished. In particular, the feasibility to extract energy from
partial discharge signals is studied with a satisfactory result. A relation between
energy stored in a capacitor and insulation status is established in this report.
Further analysis can be carried out taking into consideration this report for future
improving.
11.2. Future work
Regarding the good results exposed during the whole project a further step is
thought. Energy has been stored in a capacitor by implementing an electronic
circuit, but in order to show the voltage across the capacitor, that is, the partial
discharges activity level, a deeper circuitry could be carried out.
An Arduino which is a microcontoller could be joined to the output of capacitor.
A microcontroller is a self-contained system with peripherals, memory and a pro-
cessor that can be used as an embedded system. They are present in PCs, mobiles
phones and almost in every electronic device [39].
Arduino is a low cost microcontroller that allows to manage complex situations
in a very easy way. It is also an open software suitable for electronic beginners.
Arduino UNO board is based on ATmega328 microcontroller which contains 14
digital inputs and outputs but six of them can be used as analogical inputs. It
also has an own programming language very easy to understand. Arduino UNO
board is shown in Figure 57.
Figure 57: Arduino UNO Board
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A possible improving of this project would be take the output voltage of the
capacitor to an analogical input in order to be read. Once this value is stored,
depending on the figure, a display in a LCD could be shown exposing the partial
discharge activity and so avoid future failures of the electrical equipment.
Once the microcontroller is programmed, it would be able to detect a change in
the charging rate of the capacitor, warning of a rise in PD activity. In addition, in
order to minimize the power consumption and the capacitor discharging, a sleep
mode can be used. By doing that, Arduino could read the voltage across the
capacitor value and go to sleep mode until a new measurement programmed by
the user is required.
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Project planification
Since this project contains a strong experimental load, scheduling a program before
starting the project is a tough task because the evolution of this process depends
strongly on the results obtained.
Nevertheless, a Gantt chart is exposed. There are three principal groups involved
in the project realization:
Documentation. It includes the steps necessary to understand the informa-
tion related to energy harvesting and partial discharge concepts.
Experimental measuring. In this group is involved, not only the time spent
on the laboratory, but also the hours required to learn how to use simulation
software such as Pspice or Eagle, implementing the Matlab code.
Report redaction. The writing task explaining the whole project with its
subsequent review.
It is noticeable that there are finish-to-start restrictions that point out that a task
can not begin until its predecessor is finished, for example the information collected
can not be understood before being found.
The milestone refers to the aimed target of extracting energy approximately ac-
complished in the second week of March.
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2015 2016
Nov Dec Jan Feb Mar Apr May Jun
Documentation
Information research
Information understanding
Experimental measuring
Laboratory measuring
Energy stored
Learning about Pspice
Simulation
PCB implementation
Report redaction
Redaction
Checking
finish-to-start
finish-to-start
finish-to-start
finish-to-start
finish-to-start
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Budget
As in every project, the economical aspect is very relevant. So after the execution
of every task involved, a detailed summary is essential. It is remarkable that this
budget is only an approximation, which does not represent faithfully the reality.
It is important to say that diet and travel costs are not included in this project
because this sort of expense has not been necessary. For the rest of the costs, an
approximation of the depreciation periods is done in order to adapt the cost to the
time usage.
Human Resources
Name Category Dedication (months) Salary e Cost e
Molina Sanz, Javier Junior Engineer 8 2000 16000
Total cost: 16000e
Table 8: Human resources costs
Software
Details Quantity
Dedication
(months)
Depreciation
periods(months)
Unity
cost e
Imputable
cost e
Matlab R2014 License 1 6 24 2000 500
Eagle License 1 2 24 2000 166.33
Orcad License 1 6 24 2000 500
Subtotal cost: 1166.33e
Table 9: Software costs
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Hardware and electronic devices
Details Quantity
Dedication
(months)
Depreciation
periods (months)
Unity
cost e
Imputable
cost e
Laptop 1 8 60 800 106.6
Osciloscope
(Textronik DPO7254)
1 6 60 21000 2100
High voltage source 1 6 60 6000 600
HV Transformer 1 6 60 9000 900
Capacitor 10 6 24 1 0.25
HSMS286x diodes 10 6 24 1 0.25
TPS610982 Booster 1 2 24 30 2.5
EH4295+EH300 Module 1 2 60 44 1.46
SMA Connector 1 2 24 10 0.83
Coaxial cable 1 6 24 5 1.25
Subtotal cost: 3713.14e
Table 10: Hardware and electronic devices costs
Subcontracting
Detail Provider Cost e
PCB implementation UC3M 50
Subtotal cost: 0
Table 11: Subcontracting costs
Budget area Total cost e
Human resources 16000
Hardware and electronic devices 3713.14
Software 1666.33
Subcontracting 50
Subtotal costs: 21429.47e
Table 12: Costs summary
Charge type Percentig value (%) Monetary value e
Indirect costs 15 3214.35
VAT 21 4500.09
Total costs: 29143.91e
Table 13: Final budget
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